Cellular ability to maintain proper protein homeostasis (proteostasis) is essential for survival upon 31 protein-damaging conditions. Heat shock transcription factor 2 (HSF2) is one of the human HSFs 32 activated in response to proteotoxic stress. HSF2 is dispensable for cell survival during acute heat 33 stress, but its amount and DNA-binding activity increase under prolonged proteotoxic stress 34 conditions, such as proteasome inhibition. Nevertheless, the specific role(s) of HSF2 and the global 35 HSF2-dependent gene expression profile during sustained stress have remained elusive. We found 36 that HSF2 is required for cell survival during prolonged proteotoxicity, as shown by treating wild-37 type and HSF2-deficient human osteosarcoma U2OS cells with the proteasome inhibitor 38
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To verify that the decreased survival of 2KO cells was not caused by off-target effects of the 138 CRISPR-Cas9 method, we transfected the U2OS WT cells with scramble (Scr) or HSF2-targeting 139 shRNA plasmids and treated the cells with BTZ for 22 h. In accordance with the results obtained 140 with 2KO cells, transient HSF2 downregulation significantly reduced cell viability upon BTZ 141 treatment ( Fig. 1G ). Moreover, HSF2 downregulation enhanced the progression of apoptosis, 142 which was detected by increased accumulation of cleaved PARP-1 (Fig. 1H ). Hence, we conclude 143 that HSF2 is required for cell survival upon BTZ-induced proteasome inhibition. 144
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In contrast to HSF2, which has been found to be downregulated in a subset of human cancers [12] , 146 both the expression and activity of the closely related HSF1 are increased in a majority of studied 147 cancer types [1] . A marker for HSF1 activation is phosphorylation of serine 326 (pS326) [7, 42] , 148 and HSF1 expression and pS326 were recently established as requirements for multiple myeloma 149 cell survival during BTZ treatment [36] . Therefore, we examined whether the decreased survival 150 of 2KO cells was due to impaired HSF1 expression or phosphorylation upon proteasome inhibition. 151 U2OS WT and 2KO cells were treated with BTZ or MG132 and the HSF1 protein levels and S326 152 phosphorylation status were analyzed with immunoblotting. Interestingly, no difference in HSF1 153 expression or S326 phosphorylation between WT and 2KO cells was observed upon proteasome 154 inhibition (Fig. S1G ). These results demonstrate that although HSF1 is an essential survival factor 155 during acute stress [1], it is not sufficient to protect cells during prolonged proteotoxicity. 156 for maintaining the correct protein folding environment [1, 4] . To examine whether the heat shock 182 response is compromised in 2KO cells, we analyzed the inducible expression patterns of all human 183 molecular chaperone genes [49] , in WT and 2KO cells treated with BTZ. Intriguingly, the 184 chaperone expression profiles of WT and 2KO cells were nearly identical, and only HSPB2, 185 DNAJC1,2 and DNAJC18 exhibited clearly distinct expression patterns in 2KO cells (Fig. 2C) . A 186 closer examination of the RNA-seq data for the expression of selected chaperone genes, i.e. 187 HSPA1A (HSP70), HSP90AA1 (HSP90), HSPA6 (HSP70B´), and HSPB1 (HSP27), revealed equal 188 or even higher expression levels in 2KO cells than in WT cells ( Fig. 2D ). HSF2 has been previously 189 shown to negatively modulate HSF1-mediated activation of specific HSP targets [19, 25, 26] , 190 which likely explains the higher expression of HSPB1 and HSP90AA1 in 2KO cells upon BTZ 191 treatment ( Fig. 2D ). In response to proteotoxic stress, HSF2 localizes also to the promoters of 192 HSP90 co-chaperone and polyubiquitin genes [2] . To study whether the regulation of these genes 193 was disturbed in 2KO cells, HSP90 co-chaperones PTGES3 (p23) and AHSA1 (AHA1) as well as 194 polyubiquitin genes (UBB and UBC) were examined from our RNA-seq data. Since no significant 195 differences were observed in the expression patterns of any of these genes ( Fig. 2E ), we conclude 196 that lack of HSF2 does not compromise the induction of the heat shock response upon BTZ 197 treatment. 198 199 
Disruption of HSF2 leads to misregulation of cell adhesion associated genes 200
To determine the differences between the WT and 2KO cells, we examined the DE genes in 2KO 201 : WT comparison pair at each experimental time point (control, 6, and 10 h) ( Fig. 3A) . Despite the 202 stringent cutoff criteria (FC ³ 3, FDR 0.001), 2KO cells exhibited significant misregulation of 819 203 genes already under normal growth conditions (2KO C : WT C), and the proportion of upregulated 204 in clustered a-, b-, and g-protocadherins [52], of which 92% were found abnormally expressed in 240 2KO cells (Fig. 4A ). Based on these results, we propose that the members of the cadherin 241 superfamily are the main adhesion molecules downregulated in HSF2-depleted U2OS cells. 242 243 For understanding the biological relevance of the RNA-seq analyses, we next determined the 244 protein expression levels of N-cadherin (CDH2) and clustered g-protocadherins (PCDHgA) by 245 immunoblotting. As shown in Figure 4B , both N-cadherin and g-protocadherins were found 246 markedly downregulated also at the protein level in control and BTZ-treated 2KO cells ( Fig. 4B) . 247
Since cadherins are essential in mediating Ca 2+ -dependent cell-cell contacts, we examined the 248 functional impact of our observations with cell aggregation assay, where single cells are allowed 249 to freely make cell-cell adhesion contacts in suspension. U2OS WT and 2KO cells were suspended 250 in cell aggregation buffer supplemented with either CaCl2 or EDTA. WT cells supplemented with 251 Ca 2+ formed large cell aggregates, which were completely abolished in Ca 2+ -chelating conditions 252 (EDTA) (Fig. 4C ). In stark contrast, 2KO cells were unable to form cell aggregates even in the 253 presence of Ca 2+ (Fig. 4C ), indicating that HSF2 is required to maintain Ca 2+ -dependent cell-cell 254 contacts. Loss of distinct cell-cell adhesion molecules has been associated with cellular inability to 255 form three-dimensional (3D) spheroids in ultra-low attachment round bottom plates [53] . We 256 explored the spheroid forming capacity of U2OS WT and 2KO cells by culturing the cells in 3D 257 extracellular matrix (ECM) using Matrigel. As expected, the spheroids originating from 2KO cells 258 were significantly smaller than the WT spheroids ( Fig. 4D ), further confirming the functional 259 impairment of cell-cell adhesion of these cells. A profound decline in the expression and function 260 of cadherin superfamily proteins was observed also in 2KO#2 cells ( Fig. S4 ), demonstrating that 261 the alterations are not specific for a single cell clone. Altogether these results show, for the first 262 time, that lack of HSF2 leads to disrupted cadherin expression at mRNA and protein levels, and 263 results in functional deterioration of cadherin-mediated cell-cell adhesion. 264
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Impaired cell-cell adhesion sensitizes cells to proteotoxic stress 266
Albeit it is well-acknowledged that cadherins are essential mediators of tissue integrity and pivotal 267 in regulating the development of multicellular organisms [51, 52], their impact on stress resistance 268 has remained largely unexplored. To examine whether the observed impairment of cell-cell 269 adhesion in 2KO cells can also contribute to the susceptibility of the cells to BTZ-induced stress, 270 we aimed at restoring the cellular adhesion properties by re-introducing N-cadherin to 2KO cells. 271 For this purpose, WT and 2KO cells were transfected with either Mock or N-cadherin plasmids 272 10 and the N-cadherin expression was examined with immunoblotting ( Fig. 5A ). As shown in Figure  273 5A, we were able to restore the N-cadherin levels in 2KO cells. Moreover, re-introduction of N-274 cadherin resulted in a functional rescue of cell-cell adhesion in 2KO cells ( Fig. 5B ). Importantly, 275 when exposed to BTZ, the 2KO cells expressing exogenous N-cadherin displayed significantly less 276 cleaved PARP-1 than the Mock-transfected cells ( Fig. 5C ), suggesting that restoration of cell-cell 277 adhesion can suppress cell death upon BTZ-induced proteotoxic stress. 278
279
All cadherin superfamily proteins are characterized by extracellular cadherin repeat domains, 280 which mediate homophilic adhesion contacts between adjacent cells [54] . Stabilization of the 281 extracellular domains is regulated by Ca 2+ , which binds to the interdomain regions of consecutive 282 cadherin repeats and rigidifies the ectodomain structure. To be able to comprehensively investigate 283 the role of cadherins in the cellular resistance to proteotoxic stress, we first treated the WT and 284 2KO cells with BTZ for 20 h to induce proteotoxic stress, after which the whole cadherin-mediated 285 cell-cell adhesion program was destabilized by depleting the extracellular Ca 2+ with 3 mM EDTA 286 ( Fig. 5D ). Serum-free culture conditions were used to enable full depletion of extracellular Ca 2+ . 287
Intriguingly, we observed that Ca 2+ -depletion intensified cell death, which was evidenced by the 288 significantly reduced WT cell survival after treatment with both BTZ and EDTA (Fig. 5D ). In 289 contrast, the viability of 2KO cells was not markedly affected by BTZ treatment combined with 290 Ca 2+ -depletion when compared to the BTZ treatment alone ( Fig. 5D ). Altogether, these results 291
show that cadherin-mediated cell-cell adhesion is a key determinant of cell survival upon BTZ 292 treatment and that destabilization of cadherin contacts predisposes U2OS cells to prolonged 293 proteotoxic stress. 294 295 11 and organisms [13] . The heat shock response is critical for promoting proteostasis and it is under 298 strict control of the heat shock transcription factors, HSFs. Until now, the comprehensive role of 299 HSF2 in the cellular response to sustained proteotoxicity has remained unknown. We hypothesized 300 that HSF2 is required for protecting cells against progressive accumulation of protein damage. We 301 used the clinically relevant proteasome inhibitor Bortezomib (BTZ, PS-341, VELCADEÒ) as our 302 experimental tool to induce long-term proteotoxic stress. BTZ treatment has been previously shown 303 to upregulate HSF2 at both mRNA and protein levels in blood-derived human primary cells and to 304 induce HSF2 binding at specific gene loci [35] . Our data confirmed the earlier results by showing 305 that BTZ treatment leads to a remarkable increase in HSF2 protein levels also in malignant human 306 cells. Moreover, we demonstrate that the amount of nuclear HSF2 is highly increased in BTZ-307 treated cells, strongly suggesting that HSF2 specifically responds to proteasome inhibition. We 308 found that HSF2 is not only activated by BTZ-induced proteotoxicity, but it is absolutely essential 309 for cell survival under these conditions. Based on our results, together with the reduced viability 310 of Hsf2 -/-MEFs treated with MG132 or exposed to febrile-range thermal stress [37, 41], we 311 conclude that HSF2 is required to protect cells against progressive accumulation of damaged 312 proteins. 313 314 Elevated protein levels of HSF1 and its phosphorylation on serine 326 were recently shown to be 315 a prerequisite for multiple myeloma cell survival upon BTZ treatment [36, 55] . Therefore, we 316 explored whether HSF2 depletion sensitizes cells to BTZ through misregulated HSF1, specifically, 317 or the heat shock response in general. Neither difference in HSF1 levels nor serine 326 318 phosphorylation was detected between WT and HSF2-depleted cells treated with proteasome 319 inhibitors. Moreover, the classical heat shock response, as characterized by the global upregulation 320 of molecular chaperones, HSP90 co-chaperones, and polyubiquitin genes, was not compromised 321 Intriguingly, in a mouse model of Huntington´s disease, lack of HSF2 was shown to predispose 357 mouse brain to poly-Q aggregates and reduce life span [41], suggesting that HSF2 is required to 358 protect neurons from progressive accumulation of damaged proteins. Cell survival upon 359 proteotoxic stress has been conventionally considered to depend on inducible transcriptional 360 programs, such as the heat shock response or the unfolded protein response [1, 61]. However, in 361 this study, we show that HSF2-dependent maintenance of cell-cell adhesion is an essential and 362 novel determinant of proteotoxic stress resistance. Our results indicate that misregulation of distinct 363 13 cellular properties already under normal growth conditions can sensitize cells to proteotoxicity. 364 HSF1 and HSF2 might represent the two arms of the cellular resistance towards proteotoxic stress; 365 HSF1 as an acute responder to protein damage and HSF2 as a factor maintaining the long-term 366 stress resistance. Notably, a meta-analysis of transcriptional changes associated with Alzheimer´s 367 disease and aging, HSF2 was identified as a gene commonly downregulated during aging [62] . 368
Thus, it is possible that the age-associated downregulation of HSF2 and subsequent disruption of 369 cadherin-mediated cell-cell adhesion, participates in sensitizing cells, such as neurons, to aggregate 370 mismanagement. 371 372 14 plasmid was a gift from George Church (Addgene plasmid #41815). One week after transfections, 379 cells were seeded at single cell density. Clones were genotyped by DNA sequencing of PCR 380 products spanning the targeted region of the HSF2 gene. The selected U2OS clones presented 3 381 different outframe mutations on HSF2 exon 1, each corresponding to a different allele (Table S2) . For examining cell growth in 3D, cells were embedded in growth factor reduced Matrigel 531 (#356231, Corning) and cultured in Angiogenesis µ-slides (#81501, Ibidi) as described previously 532
[63]. Briefly, wells were filled with 10 µl of Matrigel:culture medium (1:1 ratio), which was 533 polymerized at 37 °C for 60 min. WT, 2KO, or 2KO#2 cells were seeded on top of the gel at a 534 density of 700 cells per well, let to attach at 37 °C for 2 h, and covered with 20 µl of Matrigel:culture 535 medium (1:4 ratio). The upper layer of Matrigel:culture medium was polymerized at 37 °C 536 overnight, and appropriate humidity was ensured by adding droplets of MQ-H2O between the 537 wells. Culture medium was changed every second day, and cell growth was monitored by imaging 538 the cultures with a Zeiss Axio Vert A1-FL LED microscope (Carl Zeiss). TGFB1  CD33  TNFAIP6  ASTN1  CSTA  MUC4  FAP  SRPX  LAMA2  SPP1  SPOCK1  TGM2  COL5A2  ENPEP  SYP  SUMF1  TRPV3  PTHLH  ITGAX  RYR3  PROS1  C1S  PLA2G4A  DGKB  CABYR  SYT11  CACNA1A  CAPS1  SULF1  RYR2  THBS3  FAT2  DSC2  PCDH15  CDHR1  PCDHA6  PCDHB4  PCDHB6  PCDHGB4  PCDHA1  PCDHGA9  PCDHGA7  PCDHGC5  PCDHGB5  PCDHB15 
